Dysregulated glutamate neurotransmission has been implicated in the pathophysiology of schizophrenia. In particular, hypofunction of the NMDA glutamate receptor has been proposed to play an important role in mediating cognitive deficits in patients. The two NMDA receptor subunits, NR2A and NR2B, are distinctly regulated during development and are associated with different intracellular pathways and functions, which suggest that these receptors play separate roles in the control of higher cognitive functions such as learning and memory. Trafficking of the NR2B subunitcontaining receptor is regulated by a microtubule-associated trafficking complex consisting of the KIF17, APBA1, CASK, mLin7 proteins. Several studies have demonstrated an integrated functional regulation of this trafficking complex with NR2B receptor subunit expression, which in turn has been linked to higher cognitive functions. In the present work, we investigated whether expression of this NR2B-associated trafficking complex might be abnormal in schizophrenia. We analyzed the expression of KIF17, APBA1, CASK, mLin7A and mLin7C in postmortem brain from patients with schizophrenia a comparison group. Analysis of transcripts for all of these proteins revealed particularly prominent expression in cortical layer III and layer IV, which overlapped with NR2B but not NR2A transcripts. We found altered expression of transcripts for the CASK, ABPA1, and mLin7 molecules and the CASK, mLin7 proteins, suggesting that NR2B-containing NMDA receptor transport could be selectively compromised in schizophrenia, and that these changes likely involve altered NR2B function in a subset of cortical neurons.
Introduction
Schizophrenia is a devastating psychiatric illness that is characterized by positive, negative, and cognitive symptoms (Tamminga and Holcomb 2005) . Evidence for altered glutamate neurotransmission in schizophrenia suggests a role for altered NMDA receptor-mediated neurotransmission, which has led to the formulation of a general glutamate hypofunction hypothesis of this illness (Lindsley and others 2006) .
The NMDA receptor consists of a tetrameric or pentameric assembly of obligate NR1 subunits in region-and development-specific constellations with the NR2 (A-D) or NR3 (A-B) subunits (Ozawa and others 1998; Stephenson 2001) . In prefrontal cortex (PFC) and hippocampus, the majority of NMDA receptors include either the NR2A or NR2B subunit (Hynd and others 2003; Law and others 2003; Sheng and others 1994; Takai and others 2003) . Although coexpressed in dendritic spines, NR2A-and NR2B-containing NMDA receptors are generally associated with distinct ultrastructural compartments, with NR2A expressed directly at synaptic and NR2B-receptor at perisynaptic sites (Janssen and others 2005) . Thus, differences in the expression of NR2A and NR2B subunits suggest unique roles in the regulation of complex brain functions (Yashiro and Philpot 2008) .
As an integrated member of the postsynaptic density (PSD), NMDA receptors interact through direct and specific interactions with several downstream signaling pathways (Beresewicz 2007; Cuthbert and others 2007; Tu and others 1999) . NR2A or NR2B knockout animals have highly complex phenotypes with evidence for diverse functional implications for each NR2 subunit (Boyce-Rustay and Holmes 2005; Zhao and Constantine-Paton 2007) . Henceecent studies indicate that differential interactions between PSD-associated signaling proteins and NR2A-and NR2B-type subunits might be involved in subtype-selective regulation of different, and often opposing, NMDA receptor functions (Cousins and others 2008; Duffy and others 2008; Iwamoto and others 2004; Kim and others 2005) . Interestingly, NR2B-containing receptors interact differentially with several signaling pathways that are central to higher brain function (Chen and others 2007; Kim and others 2005; Sessoms-Sikes and others 2005; Tran and others 2007; Xu and others 2006; Zhou and others 2007) , and abnormalities of NR2B receptor regulation has been proposed as an important mechanism for compromised learning and memory deficits in schizophrenia (Loftis and Janowsky 2003) Several studies have analyzed expression of the NMDA receptor complex in postmortem brain in schizophrenia. Often, these studies have found normal expression of transcripts and protein for the NR2A and NR2B subunits (Akbarian and others 1996; Beneyto and others 2007a; Hemby and others 2002; Kristiansen and others 2006) . However, two studies have reported abnormal splicing of the C1 and C2 alternatively spliced exons of the NR1 subunit (Kristiansen and others 2006; Le Corre and others 2000) , suggestive of altered dendritic trafficking of NMDA receptors in schizophrenia (Cull-Candy and others 2001; Kristiansen and others 2007) . Compromised dendritic trafficking might lead to decreased functional expression of NMDA receptors at the PSD without necessarily affecting overall expression levels of these receptors in the brain.
Trafficking of newly assembled NR2B-containing receptors from their cellular region of synthesis close to the soma to synaptic spines on neuronal dendrites requires specific interaction with a microtubule-associated trafficking complex, which consists of the APBA1/Mint1/X11, CASK/Lin2 and Lin7(A-C)/Veli(1-3) proteins bound to the microtubule-associated ATPase, KIF17 (Setou and others 2000) . This molecular complex is selectively required for dendritic / microtubular trafficking of NR2B-containing NMDA receptors (Guillaud and others 2003; Guillaud and others 2008; Yuen and others 2005) . A study by Wong and coworkers supports an important role for trafficking of NR2B-containing receptors in regulation of higher cognitive functions. Hence, increased expression of KIF17 in transgenic mice, which is linked to a simultaneous increase in NR2B expression, was demonstrated to improve spatial and working memory formation (Wong and others 2002) .
Based on a hypothesis of compromised NMDA receptor function in schizophrenia and our recent observation that total cellular expression of NR2 proteins is not consistently altered in postmortem brain (Kristiansen and others 2006) , we hypothesized that an important aspect of understanding compromised NMDA receptor function in schizophrenia might be linked to altered NR2B trafficking (Kristiansen and others 2007) . Hence, compromised forward transport of NR2B-type receptors due to altered expression of the KIF17-associated trafficking complex would combine observations of unaltered NR2B expression in postmortem brain with the general hypothesis of compromised NMDA receptor function in schizophrenia. To test this hypothesis, we analyzed postmortem expression of transcripts and proteins for the NR2B receptor-associated trafficking complex in two frontal cortical regions known to be involved in cognitive dysfunction in patients with schizophrenia (Glahn and others 2005; Ragland and others 2007) .
Materials and methods

Human brain tissue
Brain samples from a group of elderly patients with schizophrenia and comparison subjects were obtained from the Mount Sinai VA Medical Center brain collection (table 1) . None of these brains showed any signs of neurodegenerative disorders or other discernable neuropathologies, including Alzheimer's Disease (Purohit and others 1993) . For protein studies, 27 comparison subjects and 23 patients and for in-situ hybridization transcript analyses, 11 comparison subjects and 18 patients were included (table 1) . There was an overlap of 20% (13/66) between subjects included in both protein and transcript studies, which consisted of 5 comparison and 8 schizophrenia subjects. There was no difference in gender distribution between subjects used for protein and transcript studies (p=0.19).
There were no significant differences in age, pH, and postmortem interval (PMI) between the comparison and schizophrenia subjects that were included in the transcript studies (p=0.103; 0.507; 0.304 respectively). For subjects included in analyses of protein expression, average values for age and PMI were significantly different (p=0.04 and p=0.007) with no significant difference in pH (p=0.301). To the degree it has been deemed necessary, patients have received medical treatment in the form of typical antipsychotic medication throughout their life.
Animals treated with haloperidol
22 adult male Sprague Dawley rats were treated daily with haloperidol (intramuscular injection; 1 mg/kg/day) or vehicle (DMSO) for 28 consecutive days. Animals were kept in the animal housing facility with free access to food and water throughout the experimental period. Twentyfour hours after the last injection, the animals were euthanized by decapitation and brains were quickly extracted, frontal cortex removed and frozen in isopentane (−25°C). Tissue was kept at −80°C until further processing.
Tissue preparation
Dissected blocks of postmortem brain containing dorsolateral prefrontal cortex (DLPFC) and anterior cingulate cortex (ACC) were kept at −80°C. For in-situ hybridization, tissue was thawed to −20°C, cryosectioned at 15 μm onto Fisherbrand Superfrost /Plus positively charged microscope slides (Fisher Scientific), and returned to storage at −80°C. For Western blot experiments, brain tissue from human (DLPFC and ACC) or rat (frontal cortex), was homogenized in buffer (10% W/V; 50mM Tris-HCl (pH 7.0) containing protease inhibitors (Roche Applied Sciences)) for 30 seconds with a polytron homogenizer and stored at −80°C. Protein concentration was determined by the Bradford method (Bradford 1976 ).
In-situ hybridization
Clones corresponding to specific regions of the KIF17, CASK, mLin7A, mLin7C and ABPA1 transcripts were generated by PCR amplification of specific sequences within the coding regions of each molecule using a fetal brain cDNA library as template. Following amplification (300-600 bp/clone), PCR-generated fragments were sub-cloned into the TOPO vector using the TOPO TA cloning kit (Invitrogen). Inserted sequences were verified by nucleotide sequencing and target specificity analyzed using the nucleotide BLAST database through the National Center for Biotechnology Information (NCBI). Generation of specific clones for the NR2A-and NR2B-NMDA receptor subunits have previously been described (Ibrahim and others 2000b) . [ 35 S] labeled sense and antisense probes were prepared from each clone using linearized, purified plasmids, as previously described (Clinton and Meador-Woodruff 2002; Ibrahim and others 2000b) .
For in-situ hybridization, two slides per subject were fixed in 4% (W/V) formaldehyde for 1 hour and processed according to our previously published protocol (Clinton and MeadorWoodruff 2004a; Ibrahim and others 2000a) . Slides from each in-situ experiment were apposed to autoradiography film (Kodak Biomax MR) until specific labeling of cortical layers was above background levels and within the dynamic detection range (≈ 14 days -3 months). Sense strand probes were used as a negative control and did not show specific binding for any molecule.
Digital capturing of images was performed using a Northern Light Illuminator (Imaging Research Inc) with a XC-77 CCD video camera module (Sony Corporation) connected to an image acquisition and analysis software package (Scion Corporation). For each subject, tissue background values from adjacent white matter were subtracted from gray scale values (GSVs) and converted to optical density units (OD). Values for two slides were averaged to give one value per subject. The amount of radioactivity per gram of tissue (nCi/g) was calculated using a [ 14 C] microscale standard (Amersham Biosciences) that was exposed onto the same film as the slides in each study (Miller 1991) . Bound radioactivity was converted to concentration of transcript per gram of tissue (fmol/g) by taking into account the number of radioactively labeled uridine nucleotides in each probe.
Nissl staining
Slides were removed from −80°C storage and air-dried for 30 minutes before transfer into xylene (2×15 minutes) and rehydration in graded solutions of ethanol (2×100%, 1×95%, 1×70%). Tissue was fixed in 4% formaldehyde (15 minutes) and briefly washed in water before incubation in thionin stain (30 minutes). Finally, slides were washed in water and dehydrated in graded ethanols (1×70%, 1×95%, 1×100%), followed by a final rinse in xylene (2x) before being cover slipped.
Western blotting
For preparation of samples for SDS-PAGE electrophoresis, tissue homogenates (20 μg per lane) were mixed with 6x sample buffer (4.5% sodium dodecyl sulfate, 170 mM tris-HCl (pH 6.8), 36% glycerol, 15% β-mercaptoethanol, 0.018% bromphenol blue) and heated at 95°C for 4 minutes. Samples were loaded in duplicate onto 7.5% 15 well precast Tris-HCl gels in a miniprotean 3 electrophoresis module (Bio-Rad) and separated at 120 volts in electrophoresis buffer (25mM Tris-base, 192mM glycine, 0.1% SDS). Subsequently, proteins were blotted onto PVDF membranes using a semi-dry transfer cell (Bio-Rad). Protein-containing membranes were rinsed briefly in water before blocking (30 minutes in PBS containing 3-5% dry milk powder). Subsequently, blots were incubated overnight with primary antibodies diluted in blocking buffer (4°C on a rocking platform). The following antibodies were used: KIF17 (Abcam; 1:1000), APBA1 (Affinity Bioreagents; 1:250), CASK (Millipore; 1:1000), mLin7A (Santa Cruz; 1:200), mLin7C (Abcam; 1:1000), β-tubulin (Millipore; 1:10000). For each antibody, protocols for buffers (washing, blocking) and dilution were optimized prior to the actual experiment. Following several washes in PBS or TBS, membranes were incubated with horseradish peroxidase-coupled secondary antibody for 2 hours (goat-anti-mouse or goat-antirabbit, Millipore; 1:1000)) washed and developed using enhanced chemiluminescence (ECL; Amersham Biosciences). To ensure non-saturated film exposures within the dynamic range of detection, several exposures for each protein were performed. Film exposures for immunopositive bands were digitally captured for each subject, using the image acquisition package described above. Film background was subtracted from specific GSVs and averaged for each subject. In addition to proteins of interest, each blot was probed for expression of β-tubulin, which was used as an internal loading/lane control. Experimental values were expressed as the ratio of protein of interest to β-tubulin.
Statistical analysis
Data analysis for in-situ hybridization and protein quantification experiments was performed using the Statistica software package 7 (Statsoft, Inc). Analysis of variance (ANOVA) was used for all experiments except when significant correlation was detected with age, postmortem interval (PMI) or pH, in which case analysis of covariance (ANCOVA) was used. For the transcript data, to avoid artificial inflation of statistical power, regression analyses for postmortem samples were based on GSVs for the entire cortical depth for each subject (cortical wedge). Distribution pattern of transcript expression (cortical wedge) was analyzed by the Shapiro-Wilk W test and Grubb's test was applied to identify significant outliers. To analyze for diagnosis-specific changes in transcript expression and to test the a-priori hypothesis of diagnosis-specific changes in specific cortical isodense bands, factorial two-way ANOVA was performed with isodense cortical bands and diagnosis as categorical independent variables. For posthoc analysis Tukey HSD was used. For western blot analysis, data were analyzed by the Mann-Whitney-Wilcoxon test. To test for the overall significant differences in age, PMI and pH between subjects, Students t-test was used. Gender distribution between cohorts was tested with a Chi-Square 2×2 analysis. For all tests α = 0.05.
Results
We detected specific cortical labeling of transcripts encoding KIF17, ABPA1, mLin7A, mLin7C, and CASK in DLPFC and ACC in all subjects. For all transcripts, expression profiles were divided into different isodense bands of distinct intensity across the entire cortical depth, with one isodense band being particularly prominent in a deeper cortical layer as especially noted for KIF17 ( figure 1A) . By comparison to nissl-stained adjacent sections, this isodense band was identified to correspond to deep layer III and layer IV ( figure 1A) . Further, this prominent layer III/IV isodense band was found to be overlapping for all transcript expression profiles. Consistent with its role in NR2B-containing NMDA receptor trafficking, the expression profile of KIF17 coincided with layer III/IV NR2B transcript expression (figure 1B). Contrary to NR2B, cortical expression of transcripts for the NR2A subunit was homogenous across the entire cortical depth, with no prominent labeling associated any specific cortical layer (figure 1B).
For all transcripts, four isodense bands were clearly distinguishable in all subjects. Two superficial isodense bands corresponded to cortical layer I-III (isodense band 1=layer I-II; isodense band 2=external layer III), one prominent isodense band corresponding to layer III/ IV, and one deep isodense band corresponding to layer V/VI (figure 2). For all transcripts, expression levels in isodense band 3 were significantly higher than expression levels in isodense bands 1, 2, and 4. The ABPA1/X11 transcript was expressed at the highest (0.12 -0.33 fmol/g) and CASK/mLin2 and mLin7A at the lowest levels (≈0.002 fmol/g). KIF17 and mLin7C were expressed at intermediate levels (≈0.03 fmol/g).
Significant interactions between PMI and expression of mLin7A in DLPFC (r=0.59, p=0.03) and ACC (r=0.52, p=0.02) were detected. There was no significant interaction between other transcripts and age, pH, or PMI in either DLPFC or ACC. No outliers and evidence of nonnormal distribution pattern was identified for any transcript. Using ANOVA or ANCOVA (PMI as covariate for mLin7A), we identified a significant effect of diagnosis for APBA1 and mLin7A in ACC (F=4.9; df=1, 16; p=0.041 and F=4.9; df=1, 24; p=0.037 respectively) with significantly higher expression of both transcripts in schizophrenia. Further, we detected significantly increased expression of the CASK/mLin2 transcript in DLPFC (F=4.5; df=1, 18; p=0.048). Although no main effect for diagnosis was detected for mLin7C expression in DLPFC (F=2.8; df=1, 18; p=0.109), a significant band x diagnosis interaction was detected (F=3.4; df=3, 54; p=0.025). Post-hoc analysis revealed that this was due to significantly higher expression in isodense band 3 in schizophrenia.
We next analyzed expression of KIF17, CASK, mLin7A, mLin7C at the protein level using western blot analysis in DLPFC and ACC. Due to limited availability of tissue, APBA1 expression was only analyzed in ACC. Prior to analysis for diagnosis-specific changes, we tested for significant interactions with the covariates age and PMI, as these have been suggested to influence protein stability at extended time periods in a protein-specific manner (Halim and others 2003; Harrison and others 1995; Hilbig and others 2004; Siew and others 2004) . Regression analysis did not reveal any significant interactions. Using the Mann-WhitneyWilcoxon statistical test, we detected significant effects of diagnosis on CASK (p=0.022) and mLin7C (p=0.017) in ACC with decreased expression in schizophrenia (figure 3). Expression of mLin7A in ACC was just outside significance detection (p=0.057). We did not detect any significant changes in the expression of KIF17 or ABPA1 in ACC and of any of the KIF17, CASK, mLin7A, mLin7C proteins in DLPFC.
To analyze the effect that antipsychotic medication potentially has on expression of the NR2B-associated receptor trafficking complex, we treated adult rats daily with haloperidol for 28 days (1 mg/kg/day) and examined protein expression in the frontal cortex of this trafficking complex by quantitative western blot. Following chronic treatment with haloperidol, we found significantly increased protein expression of KIF17 (p=0.027) and mLin7A (F=8.5; df=1, 18; p=0.01) in the haloperidol-treated animals (figure 4), while expression of mLin7C, CASK, and APBA1 were not significantly altered.
Discussion
In this study we have analyzed expression of the KIF17-associated trafficking complex that is responsible for NR2B-containing NMDA receptor trafficking in neuronal dendrites. We found increased expression of transcripts for CASK, mLin7A, mLin7C, and ABPA1 in schizophrenia.
We found decreased expression of the CASK and mLin7C proteins in ACC. Analysis of protein expression in rats demonstrated that chronic treatment with typical antipsychotics increased expression of KIF17 and mLin7A in frontal cortex without significantly affecting expression of APBA1, CASK and mLin7C.
The frontal cortex is organized into 6 distinct layers, which serve as a stereotyped framework for the complex heterogeneous synaptic organization that is required for higher cortical functions (Somogyi and others 1998; White 2007) . In the present study, we found expression of the NR2B subunit and the molecules involved in its microtubular dendritic transport localized within a particularly prominent isodense band in deep layer III and layer IV. The laminar organization of the frontal cortex is characterized by the combined expression of specialized inhibitory and excitatory neurons. Hence, excitatory neurons in deep layer III and IV include pyramidal cells in deep layer III and the predominant localization of spiny stellate neurons and star pyramidal cells in layer IV (Staiger and others 2004) as well as inhibitory parvalbumin-positive GABAergic neurons of the chandelier and basket cells types (Hendry and others 1989; Staiger and others 1996) . Spiny stellate neurons in layer IV likely represent a principal target for glutamatergic thalamo-cortical afferents, which function to amplify thalamic input to inhibitory neurons. However, GABAergic neurons in this layer also receive significant direct innervation from the thalamus (Benshalom and White 1986; Freund and others 1989; Stratford and others 1996) . Whereas spiny stellate and parvalbumin-positive neurons in cortical layer IV are anatomically restricted to this layer (Lubke and others 2000) , deep layer III pyramidal neurons, which also receive direct projections from the thalamus, branch throughout layers I-IV to establish cortico-cortical pathways through an extensive arborization. The predominant expression of transcripts for NR2B and its trafficking complex in layers III and IV therefore might indicate a particularly important role for NR2B receptors in direct and indirect modulation of excitatory thalamic input to the frontal cortex. However, from the present data we cannot determine the exact neuronal subpopulations that are principally associated with increased expression of the NR2B-related transcripts in PFC and therefore we can only speculate as to the particular neuronal circuits involved. Furthermore, despite the fact that increased expression of KIF17 transcripts was very enriched in layer III/ IV neurons, expression of this and other transcripts was not restricted to these layers, indicating, as expected, that NR2B expression is involved in mediating synaptic functions across the entire cortical column.
Differences in the expression levels and profiles of transcripts for the NR2B receptor trafficking molecules likely indicates the involvement of some or all of these proteins in processes other than dendritic trafficking of NR2B-containing receptors. Hence, the multidomain protein CASK, in addition to its involvement with NR2B transport, is involved in regulating nuclear transcription from the genes encoding NR2B and Neuregulin through its interaction with the CINAP and Tbr-1 transcriptional complex. Additionally, CASK was recently demonstrated to be essential for synaptic development and maturation (Atasoy and others 2007; Hsueh 2006) . In a similar manner, the neuronal APBA1/X11 protein possibly plays a role in presynaptic vesicle release from inhibitory GABA neurons (Biederer and Sudhof 2000; Ho and others 2003) and the expression of the small mLin7/Veli adapter proteins in cortical dendrites as well as axons points to the involvement of these proteins in both pre-and postsynaptic cellular functions (Misawa and others 2001) . Finally, although the known primary function of dendritic KIF17 appear to involve microtubule-based dendritic delivery of NR2B-containing receptors (Guillaud and others 2008; Hirokawa and Takemura 2004) , KIF17 has also been associated trafficking of GluR5-containing kainate receptors and Kv4.2 potassium channels (Chu and others 2006; Kayadjanian and others 2007) . Hence, in addition to compromised synaptic delivery of NR2B receptors, decreased expression of the KIF17-associated protein complex in schizophrenia might affect other cellular functions such as transcriptional regulation, trafficking and presynaptic vesicle release. Interestingly, cortical expression of the GluR5 kainate receptor has been reported decreased in schizophrenia by several postmortem studies (Beneyto and others 2007b; Garey and others 2006; Scarr and others 2005) and decreased expression of the KIF17-associated trafficking complex might also be involved in these changes.
The observed increase in cortical expression of transcripts for APBA1, mLin7A, and mLin7C in ACC, as well as increased expression of CASK in DLPFC, suggests abnormal regional regulation of these molecules in schizophrenia. In particular, the selective increase in mLin7C transcript in isodense layer 3 indicates that these changes involve NR2B-relevant cellular abnormalities. Due to their integrated function as trafficking complex for newly synthesized NR2B-containing receptors, altered expression of any one or several of these molecules in schizophrenia could affect delivery of this NMDA receptor subunit to the PSD. Combined, the above observations of altered transcript expression in schizophrenia most likely suggest altered NR2B trafficking.
Analysis at the protein level indicated decreased expression of CASK and mLin7C in ACC in schizophrenia, with mLin7A expression also approaching a significant decrease in ACC. No significant changes in the expression of these proteins were detected in DLPFC. Hence, although not entirely matching the individual changes in transcript expression, changes in protein levels were, similar to transcriptional changes, principally associated with ACC. Divergence in polarity and degree of overlap between transcript and protein expression in ACC might be interpreted in several ways. First, this might occur as a result of the large group of non-overlapping subjects used in the transcript and protein analyses for this study. However, we consider this possibility as unlikely because the tissue used for each of these techniques originated from the same general group of elderly patients and comparison subjects (table 1) . Second, differences in the polarity between transcript and protein expression could be caused by opposite changes in different cellular populations, originating in different cortical areas. Hence, cells with altered transcript expression in ACC could belong to a population of neurons projecting outside of the ACC. Similarly, altered protein expression in ACC could be due to altered transcript synthesis in cells located outside of the ACC. As discussed above, analysis of transcripts for the NR2B trafficking molecules indicate high expression in layer IV, which does not contain neurons that typically project outside this area. Opposite regulation of transcript and protein expression, such as those found for the mLin7 molecules in this study, therefore most likely involves the same neuronal populations. A plausible explanation for these opposite changes in expression of transcripts and proteins could involve a compensatory mechanism to a primary deficit in functional protein expression by which transcript synthesis is up-regulated. We recently proposed a similar mechanism to be involved in the altered regulation of several PSD proteins in ACC in schizophrenia (Kristiansen and others 2006) .
Based on numerous studies in postmortem brain and animal models, decreased expression of parvalbumin-containing GABA interneurons has been proposed as a central pathophysiological feature of schizophrenia (Beasley and Reynolds 1997; Bloomfield and others 2008; Harte and others 2007; Hashimoto and others 2008; Lewis and Moghaddam 2006; Pratt and others 2008; Tseng and others 2008) . Regional and coordinated inhibition by parvalbumin-positive cells in DLPFC and ACC has been recognized as centrally important for synchronized gamma-oscillation in cortical pyramidal cells, which likely is a mechanism that helps filter specific and relevant sensory information from background noise (Gray and Roth 2007; Lee and others 2003; Lewis and others 2005) . Due to the principal association of the NR2B trafficking complex with layer IV where spiny stellate and GABAergic neurons are predominant, altered trafficking and expression of this receptor could negatively affect direct and indirect modulation of these inhibitory cortical circuits by thalamo-cortical afferents. Thalamo-cortical processing as well as the inhibitory regulation in PFC of pyramidal neurons have been proposed as central mechanisms for mediating cognitive dysfunction in schizophrenia (Behrendt 2006; Clinton and Meador-Woodruff 2004b; Coyle 2004) . Compromised trafficking of NR2B-type receptors in layer IV, due to decreased expression of the CASK and mLin7 proteins in ACC therefore might, in addition to other biochemical changes in these neurons, such as altered receptor phosphorylation, lead to altered thalamic activation of local inhibitory circuits and possibly cause altered prefrontal gammasynchronization of pyramidal cells. Glutamate has previously been implicated in these changes and has been proposed, with dopaminergic and cholinergic systems, to play an important role in dysregulated inhibitory control in frontal cortex (Coyle 2004; Ford and Mathalon 2008; Winterer 2006 ).
The effect of antipsychotic medication on cellular function and expression of biochemical markers, including the expression of transcripts and proteins in postmortem brain, should be evaluated since such changes potentially could be associated with exposure to these drugs rather than the illness. Hence, typical neuroleptics such as haloperidol have been linked to altered cellular metabolism in neurons and altered glutamatergic neurotransmission (Hanaoka and others 2003; Konradi and Heckers 2001; Leveque and others 2000) . Given that all patients that were included in the present study at some stage of their illness were treated with typical antipsychotics, we included an animal study to analyze whether chronic haloperidol administration altered expression of the KIF17-associated protein complex. The observation that chronic administration of haloperidol increased expression of KIF17 and mLin7A indicates that this drug might, in a similar manner, modulate the NR2B-trafficking potential in patients. Due to the fact that expression of KIF17 and NR2B is co-regulated, which is a mechanism that might play an important role in improving cognition (Wong and others 2002) , increased expression of KIF17 following chronic haloperidol administration indicates that increased KIF17 potentially could be part of a beneficial therapeutic mechanism. However, studies of haloperidol's functional interaction with glutamate neurotransmission and its regulation of the NMDA receptor system has proven to be highly complex.
Expression of KIF17 in this study and NR2B in a previous study was not altered in patients (Kristiansen and others 2006) . Furthermore, contrary to the animal experiment, expression of mLin7A was decreased in schizophrenia. Combined, these studies therefore suggest that the observed changes in protein expression of the NR2B trafficking complex in schizophrenia form part of specific pathophysiological mechanisms and are not secondary to treatment history.
In summary, we have analyzed expression of the NR2B-associated trafficking proteins KIF17, APBA1, CASK, mLin7A, and mLin7C at transcript and protein levels in postmortem brain from patients with schizophrenia and comparison subjects. Altered expression was somewhat overlapping between transcript and protein and was primarily associated ACC, although expression of CASK mRNA was significantly increased in DLPFC. Expression of these proteins is enriched in deep aspects of cortical layer III and layer IV cells, likely corresponding to both inhibitory and excitatory populations of mostly non-pyramidal neurons. This suggests a prominent role for NR2B-NMDA receptors in regulation of thalamic afferent input to the cortex. Altered expression of the CASK, mLin7A, and mLin7C proteins in ACC suggests a primary role for altered NR2B trafficking in this region, which at the behavioral level might correspond to monitoring of higher cognitive functions. no further role in study design; collection, analysis and interpretation of the data; in writing of the report; and in the decision to submit the paper for publication.
Figure 1.
Cortical expression of transcripts for KIF17, APBA1, mLin7A, mLin7C, CASK, NR2B, and NR2A. A: expression of KIF17 transcripts in a control subject. For cortical orientation, wedge of KIF17 transcript expression is localized next to nissl-stained parallel section from the same subject. B: Representative examples of cortical expression profiles for APBA1, mLin7A, mLin7C, CASK, NR2B, and NR2A. Scale bar in A corresponds to 1.0 mm in A and 0.7 mm in B. Quantification of transcript expression of transcripts for KIF17, CASK, mLin7A, mLin7C, and APBA1 in ACC and DLPFC. For each probe, sets of black (control) and white boxes (schizophrenia) indicate transcript expression levels in 4 discrete isodense bands. Values are means ± SEM. Significant findings across all isodense layers or within an isodense band (mLin7C in DLPFC) are indicated by * (*p<0.05). Protein expression of KIF17, CASK, mLin7A, mLin7C, and APBA1 in ACC and DLPFC. black boxes and triangles for each protein indicate protein expression levels corrected for Btubulin. Below, representative images of duplicate detection of each specific protein and the associated B-tubulin in control and schizophrenia subjects, as indicated. Detection of APBA1 was only possible in ACC. For each protein, the molecular weight in kilodaltons (kDa) is indicated. *p<0.05. Table 1 Table of subject characteristics. ISH: in-situ hybridization; WB: western blot; F: female; M: male; AOD: age at death; PMI: postmortem interval indicated in hours; Rx<6wk: medication with antipsychotic drugs within 6 weeks of death; A.S.H.D: arteriosclerotic heart disease; CHF: chronic heart failure; NIDD: noninsulin-dependent diabetes; HTN: hypertension; COPD: Chronic obstructive pulmonary disease. 
